The literature contains a survey of alkylation reactions with alkyl esters of inorganic acids such as alkyl sulfates 2 , sulfites 2 , chlorosulfites 2 , sulfonates 2 , chlorosulfonates 2 , p-toluene sulfonates 2 , alkyl osilicates 2 , alkyl carbonates 2 , alkyl borates 2 , and hypochlorites 2 . However, the analogous reactions involving the use of phosphorus esters, such as trialkyl phosphites (1), dialkyl phosphites (2) , and tri alkyl phosphates (3) , have received relatively little attention. Thus, n-'butyl phosphate 3 was used to alkylate benzene in the presence of boron fluoride, and triethyl phosphate 4 ' 5 triisopropyl phosphate 4 and tributyl phosphate 4 were used for the alkylation of benzene in the presence of aluminum chloride. These experiments were limited to benzene as the substrate, and the reaction products were not critically examined. Definitive studies in this area have become possible only since the advent of gas chromatography.
Recently, a systematic attempt has been made to investigate the use of phosphorus esters in alkylations 6a ' b . At present a variety of phosphate and phosphite esters are commercially available at a low cost. These esters are liquids of low volatility and, therefore, make very suitable starting materials. The objectives of the present work were to study the scope and mechanism of alkylation reactions of various aromatic hydrocarbons with trialkyl phosphites (1), dialkyl phosphites (2) , and trialkyl phosphates (3) . 
Results and Discussion
The conditions under which phosphorus esters are employed in alkylations are different from those used in alkylations with alkyl halides 2 . One reason is that the inorganic acid, formed as a by-product, is non-volatile and cannot escape from the reaction mixture in the manner of hydrogen halides. The resultant increase in the acid concentration in the reaction medium as the reaction proceeds probably causes secondary reactions, thus diminishing the yield of the primary products.
At an early stage in this investigation it was found that the reactions of trialkyl phosphites, dialkyl phosphites and trialkyl phosphates with aromatic substrates in the presence of aluminum chloride are extremely exothermic. Therefore, it was necessary to add these esters to the mixture of the aromatic substrate -aluminum chloride at 5° ±2°, followed by stirring the reaction mixture at room temperature.
A number of variables were examined in order to determine their effect on the reaction. It was found that the combined yield of mono-and diethyl benzenes was very dependent on the ratio of the ester to aluminum chloride. At least a 1:1 molar ratio of alkyl group in the alkylating ester to aluminum chloride is required for optimum yields (Table I ). In practice, a slight excess of aluminium chloride was used in order to compensate for losses during handling. Thus, the molar ratios of alumi- num chloride to alkylating ester were 2.5 to 1 and 3.5 to 1 in the case of diester and triester, respectively. Ferric chloride, cupric chloride, stannic chloride, zinc chloride, sulfuric acid (98%) and phosphoric acid (85%) were examined as catalysts, but with the exception of ferric chloride, no detectable reaction was observed, even at elevated temperatures and on prolonged reaction times, as evidenced by glpc analysis. Although a reaction was observed in the presence of ferric chloride, as evidenced by the evolution of hydrogen chloride, it was not possible to separate the organic phase from the inorganic by-products. A number of homologs of benzene were alkylated with triethyl phosphate and triisopropyl phosphite. The results (Table II) benzene. In the isopropylation of ethyl benzene a number of aromatic hydrocarbons, such as benzene, cumene, m-diethyl benzene, p-diethyl benzene, mdiisopropyl benzene, p-diisopropyl benzene, and substantial quantities of dialkylated products are formed.
These results are in agreement with the already known fact that, depending on the alkylating agent, the nature and amount of catalyst, and the reaction conditions, dealkylations, intramolecular and intermolecular isomerizations (disproportionation or transalkylation) occur in Friedel-Crafts type alkylations of alkyl aromatics 7a ' 8 . These reactions also occur when alkyl aromatics are treated with a Lewis acid, e. g.. metal halide 7a . In these reactions 7a ' 9 , the methyl group is much more resistant to migration than higher alkyl groups. Toluene did not dealkylate under these conditions. The dealkylations observed with cumene and ethyl benzene, as well as subsequent disproportionation with ethyl benzene yielding a number of aromatic hydrocarbons is due to the use of aluminum chloride in amounts far in excess of a catalytic quantity 7a . Variation in the molar ratio of alkyl aromatic to alkylating ester was examined in order to find conditions which minimize the formation of higher alkylated products. The use of a large excess of aromatic hydrocarbon has been recommended 7b in order to reduce polysubstitution. In the ethylation of toluene with triethyl phosphate, the yield of diethyl toluene could be reduced to trace quantities by increasing the toluene to triethyl phosphate molar ratio to 45 : 1, or to 15 moles : 1 mole of substrate to alkyl group in the ester. The overall yield of monoethyl toluenes decreased beyond a 30 : 1 molar ratio of toluene to triethyl phosphate, presumably because of additional losses during the isolation procedure (Table III and Experimental pp. 1346.
Finally, the reaction time was examined in order to determine its effect on the orientation and yield of the monoalkylated and dialkylated products (Table IV) . Short reaction times could not be examined conveniently since the exothermic reaction precluded a rapid addition of the alkylating ester to the substrate -aluminum chloride mixture. The alkylations reported so far in Tables I, II , III, and IV used an excess of the aromatic substrate as the reactant and solvent, and were, therefore, particularly sensitive to isomerizations 10 . The orientation of products in these reactions indicates the formation of considerable amounts of the m-dialkyl benzenes and the 1,3,5-isomer. Due to isomerizing conditions, considerable disproportionation and transalkylation also occur to give thermodynamically controlled equilibrium mixtures of xylenes, diethyl benzenes, monoethyl toluenes, cymenes and diisopropvl benzenes. In the literature are found numerous examples of the formation of such equilibrium mixtures containing high proportions of meta-isomers in the aluminum chloride catalyzed isomerizations of dialkyl benzenes 11-13a-d and in the aluminum chloride catalyzed alkylations of toluene with ethylene 14 and propylene 14 , and of cumene with propylene 14 . The evidence of whether the high misomer contents are due to direct substitution involving a reaction of low selectivity 15a_d or to a concurrent or consecutive secondary isomerization of the initially formed o-and p-dialkyl benzenes is not conclusive 7c ' 10 ' 16 ' 17 .
In order to eliminate side reactions such as dealkylation and to minimize polysubstitution, we found that a solvent system composed of nitromethane and dichloromethane is advantageous for the alkylation reactions with trialkyl phosphites, dialkyl phosphites and trialkyl phosphates. Nitromethane is used to dissolve the aluminum chloride, and dichloromethane is used as the solvent for the substrate and the alkylating ester, thus giving homogeneous conditions. The molar ratios of aromatic substrate to aluminum chloride to alkylating ester were the same as those used in the previous experiments, viz., 45 : 3.5 : 1 and 30 : 2.5 : 1 in the case of triesters and diesters, respectively. The following weight ratios were maintained with different reactants and their solvents: alkyl aromatic to dichloromethane, 1:1; aluminum chloride to nitromethane, 1 : 3.5; and the alkylating ester to dichloromethane, 1 : 3.5.
The use of this solvent system prevented the dealkylation of alkyl aromatics to benzene, and the formation of dialkylated products was reduced to a minimum. The scope of the alkylation reaction using phosphorus esters could thus be extended to a number of alkyl benzenes (Table V) . In the dichloromethane -nitromethane solvent system, the isopropyl esters are the most reactive, ethyl esters have intermediate reactivity and the methyl esters fail to react. This result is in agreement with the observation by SCHMERLING 18 that in the aluminum chloride -nitromethane system the secondary alkyl chlorides are more reactive than the primary isomers. The isopropylation of toluene with triisopropyl phosphite using aluminum chloride -nitromethane and dichloromethane yields cymenes containing a higher percentage of the m-isomer 19 than is produced in alkylations with isopropyl bromide 16 and propylene 16 in nitromethane solvent in the presence of aluminum chloride.
The effect of reaction time in the alkylation reactions with these esters with aluminum chloridenitromethane and dichloromethane is shown in Table V . Enhanced yields of alkylated products were obtained with increased reaction time. The variation in reaction time had no effect on the isomeric composition of the products formed in ethylation and isopropylation reactions. The similarity in the isomer distributions of these dialkyl benzenes was determined by glpc and by infrared spectroscopy using the out-of-plane carbon -hydrogen deformation absorption bands at 13.0 -13.6// for the o, at 12.3-13.3/* and 14.0-14.8 ju for the m, and at 11.6 -12.5 JLI for the p-isomers. The mixture of isomers of dialkylated benzenes formed in each experiment was collected over glpc and was found on infrared analysis to be spectroscopicallv identical with a mixture of isomers formed in a similar experiment with a different reaction time. Subjecting a mixture of known composition of o-, m-and p-diethyl benzenes to simulated reaction conditions over a period of 4 hrs did not change the composition of the mixture as regards percentages of o-, m-and p-isomers.
These results indicate that the aluminum chloride -nitromethane -dichloromethane solvent system provides practically non-isomerizing reaction conditions. Additional information on the activity of these esters was obtained from studies of competitive isopropylations of toluene -benzene and related alkyl benzenes -benzene in the nitromethanedichloromethane solvent system. The molar ratio of combined aromatic substrate to aluminum chloride to triisopropyl phosphite was 45 : 3.5 : 1; thus a constant excess of the combined aromatic substrate was maintained. The relative reactivities A;a,.omaticf ^benzene were calculated 20 from the amounts of isopropylated aromatic and cumene formed. As only trace quantities of dialkylated products were formed in these competitive alkylations, they did not affect the calculated &aromatjc/A:benzene results seriously 16 .
The method of competitive rate determination can be used to obtain relative reactivities only if the observed relative rates are dependent on the aromatic substrates 10 ' 16 . In order to establish whether actual competition exists between benzene and the investigated alkyl benzenes, the relative reactivities in toluene -benzene mixtures were determined by changing the concentration of toluene -benzene mixtures. The results in Table VI show that the relative rate remains constant and that a first order dependence on the aromatic substrate concentration is indicated 10 ' 16 . The relative reactivities of a number of alkyl benzenes over that of benzene, as obtained by the method of competitive isopropylation, are summarized in Table VII. The isopropylation with triisopropyl phosphite shows low substrate selectivity between the two aromatic compounds and low positional selectivity between the m and p positions of toluene. This result is plausible considering the value of 3.39 for the relative reactivity of toluene to benzene, and the formation of 26% m-cymene and 31% p-cymene in the isopropylation of toluene. The average value of 3.39 is somewhat higher than the values of kyjk^ for the isopropylation reactions involving different alkylating agents 10 ' 15d ' 16 - 20 . The values of selectivity factor, Sf 15d ' 21 , and partial rate factors for o (of), m (mf), and p (pf) positions were calculated from the orientation data obtained in the isopropylation of toluene with triisopropyl phosphite, for comparison with similar values reported previously for other isopropylations (Table VIII) . From a survey of a number of substitution reactions, BROWN and STOCK 21 selected the limiting value of the ratio (log pf)/(log m{) to be 4.04 + 0.55 for adherence to the selectivity relationship. The average value of 3.39 for kr/kft (Table VI) and the values of partial rate factors (Table VIII) indicate that the isopropylation reaction with triisopropyl phosphite has a somewhat higher substrate selectivity and somewhat lower positional selectivities as compared to isopropylation reactions with other isopropylating agents. The reaction does not show adherence to the selectivity relationship.
An electrophilic substitution mechanism for the isopropylation of toluene by triisopropyl phosphite is supported by the following facts: (1) the pre- e Selectivity factor calculated with the use of the eq. Sf = dominant o,p-orientation with toluene; (2) the relatively large amount of m-isomer indicating that the attacking species possesses high activity 15b and, therefore, low selectivity; (3) the necessity of a strong Lewis acid in the reaction and the ability of the reaction to proceed at low temperatures; (4) the relative rates (^toiueneMWene) being in the same range as the values reported for those reactions, e. g., alkylations, entailing electrophiles of comparatively high activity 22 . The dialkyl phosphites (2) show little or none of the nucleophilic reactivity of the trialkyl esters (1) 23 . Furthermore, they are only weakly acidic. It is now well established that they exist almost exclusively in the phosphonate form 23 (4 Complex formation with a strong Lewis acid is possible in (1) at the phosphorus and oxygen atoms of the alkoxy group, and in (3) and (4) at the oxygen atoms of the alkoxy and the phosphoryl groups. Complexation of the catalyst at the oxygen of the alkoxy group is suggestive in all three cases, as (1) the oxygen is the negative end of the phosphorus -oxygen dipole, (2) complexing at the oxygen atom enhances the electrophilic character of the alkyl group and (3) it justifies the need for a 1 : 1 molar ratio of the alkyl group in the ester to aluminum chloride for optimum yields in the alkylation reactions. For a general reaction of the type (RO)3P + 3 ArH + A1C13 ->• 3 RAr + A1P03 + 3 HCl the following reaction scheme is in overall agreement with our observations. In the alkylations with triethyl phosphate and triisopropyl phosphite, the presence of the phosphate ion in the aqueous layer resulting from work-up of the reaction mixture was confirmed by qualitative analysis. In the dichloromethane -nitromethane solvent combination no free aluminum chloride capable of direct coordination with the alkylating ester is present since aluminum chloride forms a stable complex 16 with nitromethane, A1C13CH3N02. Any 
Experimental
Materials. The aromatic hydrocarbons were dried azeotropically and stored over anhydrous calcium chloride before use. They were of high purity according to glpc analysis. Nitromethane (spectrograde, Eastman Organic Chemicals) was distilled over anhydrous calcium chloride, and dichloromethane (Aldrich Chemical Co.) was distilled over calcium hydride before use. Anhydrous aluminum chloride (reagent grade, Allied Chemical and Mallinckrodt Chemical Works) was used without further purification. The phosphorus esters were best commercial grade used without purification. The following aromatic compounds were used as authentic materials for identification of products: o- Infrared spectra were obtained with a Perkin-Elmer 137 spectrophotometer, and nmr spectra with a Varian T-60 spectrometer on 10% (v/v) samples in carbon tetrachloride using an internal TMS standard. Molecular weights were determined isopiestically on a Hitachi Perkin-Elmer Model 115 Molecular Weight apparatus.
Alkylations with Phosphorus Esters in the Presence of Excess Aromatic as Reactant and Solvent (Tables I through IV). General Procedure A:
The ester was added as rapidly as the exothermic reaction permitted at 5° ±2° to a well stirred suspension of aluminum chloride in the aromatic hydrocarbon maintaining the reaction mixture at 5° ± 2°by external cooling. On completion of the addition the reaction mixture was stirred at room temperature. The total reaction time specified for a particular reaction includes the time required for addition of ester followed by stirring the crude reaction mixture for the rest of the time. The reaction mixture was then carefully poured onto crushed ice with stirring. The organic phase was separated and the aqueous phase was extracted with ether (50 ml). The ether extract was combined with the main organic phase and the ether removed by distillation. The organic phase was then washed successively with 10% sulfuric acid, 10% sodium bicarbonate solution and water until neutral to litmus, dried (Na2S04), and concentrated by removing excess aromatic substrate by distillation under nitrogen at atmospheric pressure. The aromatic substrate, thus removed, was analyzed by glpc in order to ascertain that the reaction products were not lost. The resultant concentrated solution containing the reaction products was then analyzed by glpc.
Alkylations with Phosphorus Esters in the Presence of Aluminum Chloride-Nitromethane and Dichloromethane (Table V through VII). General Procedure B:
To a cold (5°) solution of the aromatic hydrocarbon in dichloromethane was added a solution of aluminum chloride in nitromethane in one portion. A solution of the ester in dichloromethane was then added to the resultant solution at 5° + 2° as rapidly as the exothermic reaction permitted maintaining the reaction mixture at this temperature by external cooling. On completion of the addition the reaction mixture was stirred at room temperature as indicated in General Procedure A. The reaction mixture was then carefully poured onto crushed ice with stirring. The organic phase was separated, washed successively with 10% sulfuric acid, 10% sodium bicarbonate solution and water until neutral to litmus, dried (Na2S04), and concentrated by removing dichloromethane, nitromethane. and excess aromatic substrate by distillation under nitrogen at atmospheric pressure. Dichloromethane, nitromethane, and excess aromatic substrate, thus removed, were analyzed by glpc in order to ascertain that the reaction products were not lost. The resultant concentrated solution containing the reaction products was then analyzed by glpc.
Product Yields. The yields of various mono-, di-and trialkylated aromatics were determined by glpc on column (A).
In competitive isopropylations (Tables VI and VII ) the relative response ratios of the components present in the concentrated solution containing the reaction products to that of an added internal standard were determined 27 . Benzene was used as an internal standard. One of the pure components, the isopropylated aromatic, was previously collected over glpc for use in the mixture of known composition. Authentic samples of other components were used. The yields of alkylated aromatics are based on the moles of alkylating ester used in each reaction, assuming that every alkyl group can react.
Product Identification and Isomer Distributions. The concentrated solution containing the reaction products obtained in procedure A or B was analyzed by glpc on column (A). The peaks corresponding to mono-, di-, and tri-substituted alkyl aromatics were always well separated and products corresponding to these peaks were collected from the same column. The mono-substituted aromatic hydrocarbons were identifield by comparison of their IR spectra with those of authentic samples.
The mixture of di-substituted aromatic hydrocarbons, collected on column (A) was analyzed by IR spectroscopy for the aromatic substitution pattern in the 11.6 -14.8 /u region. Characteristic absorption wavelengths (strong absorptions), associated with each isomer, were used to determine the isomers in the product mixture. The isomeric di-substituted aromatic hydrocarbons were then separated on column (B). Each of the isomers was identified by peak enhancement on injection with an authentic sample. As the authentic samples of o-cymene, m-cymene and o-diisopropyl benzene could not be obtained, and as these products could not be separately collected over glpc for identification, the peak assignment on the gas chromatogram was done in these cases on the strength of the IR absorption pattern of the mixture of isomers collected on column (A). . The isomeric tri-substituted aromatic hydrocarbons were well separated on column (A), and were collected and identified by comparison of their IR spectra with those of authentic samples, if available, or by NMR. The following absorption wavelengths were used for the identification of the pattern of substitution: Isomerization and Recovery Studies. A known mixture of isomeric diethyl benzenes (4.0 g, 19.6% o, 31.0% m, and 49.4% p) was prepared. To 3.70 g of the above mixture, dissolved in ethyl benzene (79.62 g, 0.75 mole) and dichloromethane (65 ml), was added a solution of aluminum chloride (8.33 g, 0.0625 mole) in nitromethane (27 ml) at 5° in one portion. On completion of the addition the mixture was stirred at room temperature for 4 hrs. After the work-up as described in General Procedure B, 128.97 g of dry organic phase was isolated. A portion of the organic phase, 35.21 g, was concentrated by removing solvent and excess ethyl benzene by distillation at atmopheric pressure under a current of nitrogen yielding 5.80 g of a solution containing isomeric diethyl benzenes. The analysis by glpc on column (A) indicated 3.54 g (96.0%) of diethyl benzenes. The mixture of isomeric diethyl benzenes present in the concentrated solution was collected from column (A). The recovered diethyl benzene mixture was compared to the starting material by IR spectroscopy and was found to be isomerically identical within experimental limits.
Competitive Isopropylation of Toluene -Benzene with Triisopropyl Phosphite. Competitive isopropylation of toluene -benzene mixtures was carried out by changing the concentration of toluene -benzene mixtures from 1:1 molar ratio to 1:4, 2:3, 3:2, and 4:1. The data obtained are summarized in Table VI .
Competitive Isopropylation of Alkyl Benzenes -Benzene. These were carried out with a 1:1 molar ratio of alkyl benzene -benzene. The data obtained are summarized in Table VII . The analyses of the products obtained on isopropylation of the alkyl benzenes are indicated for each case.
Ethyl Benzene. The molecular weight of the mixture of monoalkylated products corresponded to the molecular formula CX1H16. Found: 151, calcd. for CnH16: 148. The IR spectroscopic analysis of the product mixture indicated the presence of o-, m-, and p-isomers. The product mixture could not be resolved by glpc.
n-Propyl Benzene. The glpc analysis for the products was done on column (B). The molecular weight of the mixture of monoalkylated products corresponded to the molecular formula C12H18 . Found: 165, calcd. for C12H18: 162. The IR spectroscopic examination of the product mixture failed to show clear bands due to o-, m-, and p-isomers. The product mixture could not be resolved by glpc analysis.
p-Cymene. The glpc analysis for the products was done on column (B). The product was identfied to be diisopropyl toluene, corresponding to the molecular
